The Hsp-organizing protein (HOP) binds to the C termini of the chaperones Hsp70 and Hsp90, thus bringing them together so that substrate proteins can be passed from Hsp70 to Hsp90. Because Hsp90 is essential for the correct folding and maturation of many oncogenic proteins, it has become a significant target for anti-cancer drug design. HOP binds to Hsp70 and Hsp90 via two independent tetratricopeptide (TPR) domains, TPR1 and TPR2A, respectively. We have analyzed ligand binding using Poisson-Boltzmann continuum electrostatic calculations, free energy perturbation, molecular dynamics simulations, and site-directed mutagenesis to delineate the contribution of different interactions to the affinity and specificity of the TPR-peptide interactions. We found that continuum electrostatic calculations could be used to guide protein design by removing unfavorable interactions to increase binding affinity, with an 80-fold increase in affinity for TPR2A. Contributions at buried charged residues, however, were better predicted by free energy perturbation calculations. We suggest using a combination of the two approaches for increasing the accuracy of results, with free energy perturbation calculations used only at selected buried residues of the ligand binding pocket. Finally we present the crystal structure of TPR2A in complex with its non-cognate Hsp70 ligand, which provides insight on the origins of specificity in TPR domain-peptide recognition.
transferred from Hsp70 to Hsp90, where the final steps of folding are completed (2, 3) . While bound to the Hsp90, the client protein then becomes functional, e.g. hormone receptors can bind their ligands, and then are released. Both chaperones must be brought together by their interaction with HOP to accomplish this (see Fig. 1 ). The whole Hsp90 functional cycle involves also other co-chaperones, such as p23, other TPR proteins, and ATP binding and hydrolysis, and is fairly complicated and incompletely understood (4) . However, it is clear that HOP facilitates the interaction of Hsp70 and Hsp90 and thus is important in providing the link between the chaperones in the early part of Hps90 functional cycle. Hsp90 client proteins include nuclear hormone receptors, p53, and other transcription factors and various kinases, such as Atk and Her2. Many of these are oncogenes, making Hsp90 a significant anti-cancer drug target (5) . It is therefore of considerable importance to better understand the chaperone cycle of Hsp90 and in particular its interaction with essential co-chaperones, such as HOP. The interactions of Hsp70 and Hsp90 with HOP also provide an excellent model system in which to study the contribution of electrostatics to protein-peptide interactions, as will become evident.
The interactions of Hsp70 and Hsp90 with HOP are mediated by the interaction of their C-terminal amino acids with two HOP TPR motifs, TPR1 and TPR2A (6 -8) (see Fig. 1 ). The C-terminal residues needed for affinity and specificity are GPTIEEVD for Hsp70 and MEEVD for Hsp90. Not surprisingly, the crystal structures of TPR1 and TPR2A in complex with their cognate peptides show that the peptides are bound in an extended conformation and that electrostatic interactions contribute significantly toward affinity in both complexes ( Fig. 1) (8) .
We have used continuum electrostatic calculations, molecular dynamics simulations, and free energy perturbation calculations combined with site-directed mutagenesis to analyze the binding interface of both the TPR1-Hsp70 peptide and TPR2A-Hsp90 peptide complexes. The results allowed us to delineate the contributions of specific interactions to the affinity of binding. Moreover, they allowed us to identify positions at which the electrostatic contributions are unfavorable, and we show that removing or replacing these interactions is a route to tighter binding. Finally, we have investigated not only the affinity of the TPR1 and TPR2A peptide interactions, but also their specificity. We present a high resolution crystal structure of TPR2A bound to its non-cognate Hsp70 peptide, which allows us to give a more thorough explanation of how HOP TPR2A domain discriminates between the closely related Hsp70 and Hsp90 C-terminal peptides.
EXPERIMENTAL PROCEDURES
Electrostatic Binding Energy Calculations-The continuum electrostatic calculations were carried using the linearized Poisson-Boltzmann (PB) equation as implemented in the program DELPHI (9) . Hydrogen atoms were built and optimized with the WHATIF server and CHARMM22 force field partial charges and atomic radii were used in the calculations (10) . Calculations were performed with Debye-Hückel boundary conditions starting with the protein filling 30% of the box and focusing in on the protein until it filled 90% of the box (201 ϫ 201 ϫ 201 grid points), resulting in grid resolution of 3.617 grids/Å, leaving a Stern layer of 2 Å around the protein. The salt concentration used in the calculation was 0.15 M, chosen to match approximately both physiological conditions and the experimental conditions we used (see below). The protein interior was assigned a dielectric constant of 4. Overall electrostatic binding energies and residue contributions were calculated as described previously (11, 12) . Briefly, the electrostatic binding energy (⌬⌬E elec ) is obtained from Equation 1 as follows.
The energies are ⌬Es because they are obtained relative to reference state that is equivalent to a hydrophobic isostere of that molecule or complex. The calculations assume no backbone differences between the free and complexed TPR structures, an assumption supported by several experimental studies (8, 13) . For simplicity, crystallographic waters were excluded from the calculations.
The individual residue contributions to interaction energies, ⌬⌬E int, were calculated as indicated above, but by charging only one residue at a time. This is possible because, using the linearized PB equation, all group contributions are additive. The sum can be described in terms of electrostatic potential () distribution,
where is the potential due to the charged group in question at charge q i . To get the group's ⌬⌬E int contribution, potential distributions with only the particular group charged was calculated. The ⌬E int for each component, free protein, or peptide and complex, were calculated from thus obtained potential distributions with all other sites charged. This yields ⌬⌬E int of binding (11, 12) from the difference of the interaction energies,
The desolvation component for group contribution on complex formation was obtained with only the group in question charged, from the difference upon binding,
depending on whether the residue is on protein or peptide. As the rest of the protein is left uncharged, ⌬Es in this calculation represent only solvation changes of the group in question. Total group contribution in then given by Equation 7 .
Pairwise or network interaction energies were calculated as for the whole complex, hence these energies include both coloumbic and solvation terms as for the total ⌬⌬E elec , but by treating the rest of the protein outside the interaction network as uncharged (see also (11) ).
Molecular Dynamics and Free Energy Perturbation Calculations-Molecular dynamics (MD) systems were constructed using CHARMM (version 27) (10). Ligand-bound proteins were solvated in water-boxes containing 7265 water molecules and 0.1 M NaCl. The total charge of the system was neutralized by adding an appropriate number of additional counter-ions to balance the charge of the protein. Periodic boundary conditions were applied using a constant number of atoms (N), temperature (T), and pressure (P), to form NPT ensembles. The temperature in each simulation was set to 303 K. All systems were run for 15 ns using NAMD v2.5 (14, 15) . A cut-off of 10 Å was used for van der Waals interactions, and particle mesh Ewald summation was used for electrostatic interactions. The time step was 2 fs, and all bonds involving hydrogens were fixed using the SHAKE algorithm with a tolerance (relative deviation) of 10 Ϫ8 Å. Free energy perturbation calculations were performed using "alchemical" transformation and the dual-topology approach, as described (16) . They followed the thermodynamic cycle shown in Fig. 2 . To get the overall change in the binding free energy upon mutation (⌬⌬G), we sum the effect of the mutation on the ligand-bound and unbound states. Briefly, the goal of the calculation is to gradually transform a residue from the wild type to the mutant form. We achieved this by running a series of sequential MD simulations, each of which is governed by the modified total potential energy function,
where U wt is the potential of the wild-type reside and U mut is the potential of the mutant residue. Each simulation is therefore distinguished by the value of , which is changed from 0 (where the potential is solely determined by the wild-type residue) to 1 (where it is solely the mutant residue) with intervening values representing an unphysical amalgam of the two potentials. For each mutation, we ran simulations of 100 ps at each of 40 values. The transformation was done in a non-linear fashion, wherein the scaling of was slower for values near 0 and 1. This is a typical approach to help in avoiding van der Waals clashes at the end-points that can lead to non-converged calculations (16, 17) . Using this strategy, a set of simulations was run in the ligand-bound and ligand-unbound states, and the final free energy change was simply the sum of the two processes. We plot (Fig. 2 ) the calculated evolution of ⌬G versus from a typical FEP calculation (in this case, the K229A mutation), which is the cumulative sum of changes as is varied from 0 to 1.
Convergence was verified by checking change in ⌬G during simulations. A typical 100-ps time series showing the evolution and convergence of the ⌬G value at ϭ 0.5 is given in Fig. 2 . Further, we show overlap of density of states [⌬U(x)] for consecutive intermediate -states (e.g. ϭ 0.5 and ϭ 0.525), which is a measure of convergence (18, 19) (supplemental Fig. S1 ).
Site-directed Mutagenesis, Protein Purification, and Expression-TPR2A and TPR1 were expressed in Escherichia coli BL21(DE3) as described (8, 20) . All mutations were introduced by site-directed mutagenesis using the QuikChange mutagenesis kit (Stratagene).
Surface Plasmon Resonance Measurements-Affinity measurements were performed using a Biacore3000 (Amersham Biosciences) instrument. All measurements were made at 25°C. Binding buffer was 10 mM HEPES, pH 7.4, 150 mM NaCl, 0.005% polysorbate 20, and 1 mM dithiothreitol. N-terminally biotinylated 24-mer peptides corresponding to the C termini of Hsp70 and Hsp90 (GGFPGGGAPPSGGASSGPTIEEVD-COOH and SAAVTEEMPPLEGDDDTSRMEEVD-COOH, respectively) were prepared as previously described (20) . Biotinylated peptides were coupled to CM5 or CM4 Biacore chips, which had been coated with ϳ2000 -4000 response units of NeutrAvidin or avidin through amide coupling (with some extremely low affinity mutants, nonspecific binding to NeutrAvidin was significant). Proteins were injected for 2 min (TPR2A) or 5 min (TPR1) over the sensor chip at a flow rate of 40 l/min. The sensor chip surface was regenerated with injections of 1 M NaCl (2 ϫ 40 l). K d values were obtained from a fit assuming 1:1 binding by plotting equilibrium response (R eq ) values at different protein concentrations using the BiaEvaluation 3.0 software.
CD Measurements-Wavelength scans from 260 to 190 nm and thermal scans at 222 nm for TPR2A and TPR1, and their mutants where performed from 4°C to 95°C in both forward and reverse directions on an Aviv model 215 CD spectrophotometer at protein concentrations of ϳ5-10 M in 50 mM sodium phosphate, pH 7.0. The reversibility was not complete so an "apparent T m " was taken as the midpoint of the transition in the forward direction from 4°C to 95°C in 2°C steps with a 3-min equilibration time at each temperature.
Crystallization and Data Collection-TPR2A was crystallized with the 12-mer GASSGPTIEEVD peptide in a 1:1.3 molar ratio at 20 -23 mg/ml from 100 mM Tris-HCl, pH 8.5, 20 -25% (w/v) polyethylene glycol MME 2000, 5 mM NiCl 2 , 5% (w/v) xylitol. The protein-peptide complex crystallized as thin plates (ϳ0.2 ϫ 0.3 ϫ 0.02 mm) in space group C2 with the same unit cell dimensions as the TPR2A-MEEVD complex (8) . Data were collected to 2.05-Å resolution on a Rigaku MicroMax-007 rotating anode with a Mar345 Image plate detector (Table 1) .
Structure Solution and Refinement-The structure was solved by molecular replacement using AMORE (21) with the TPR2A protein from the TPR2A-Hsp90 MEEVD peptide complex structure as the search model, and refined with REFMAC (22) . Density was visible for the peptide in the initial 2F o Ϫ F c and F o Ϫ F c maps. After placing the peptide in the density and including it in the refinement, omit maps were calculated to verify the peptide conformation. Crystallographic water molecules were added with ARP/wARP (23) and model-edited between refinement cycles (24) . The final model has R-factors of R work /R free ϭ 17.7/24.4% and good stereochemistry (Table 1) .
RESULTS

The Electrostatic Energy Calculations
Overall Electrostatic Contributions to Binding-We calculated total binding energies and pairwise interaction energies for TPR1 and TPR2A peptide complexes. The energetic contributions of individual amino acids in the TPR-peptide interface were examined to gain insight into their contribution to the affinity and specificity of ligand recognition. The calculated total net electrostatic contribution to the energetics of the TPR2A-Hsp90 peptide interactions was Ϫ4.23 kcal/mol, whereas that of the TPR1-Hsp70 interaction was unfavorable, ϩ1.37 kcal/mol.
Although we calculate an unfavorable electrostatic contribution to binding for TPR1, this is merely because electrostatic effects represent only one component of the total free energy change ⌬G of binding. Thus, the numbers we present are meaningful on a relative scale and provide a measure of the favorability of the polar interactions in the two complexes examined. The calculated electrostatic energies are consistent with observed affinities, because the measured affinity of TPR2A for the Hsp90 peptide is higher (Table 2) than that of TPR1 for the Hsp70 peptide.
Residue-by-Residue Contributions-We examined the contributions of individual residues to the electrostatic energy of peptide binding by TPR1 and TPR2A ( Fig. 3 and Table 2 ). The results of these calculations clearly show that the "dicarboxylate clamp" binding residues (8) , which interact with both the side chain and the free carboxylate of the C-terminal aspartate, make as expected the largest favorable contributions to the stability of both peptide complexes, in addition to one conserved arginine, Arg-77 in TPR1 and Arg-305 in TPR2A. The binding residues that contribute most significantly are Lys-8, Lys-73, and Asn-43 in TPR1, and Lys-229, Lys-301, and Arg-305 in TPR2A (Fig. 3) .
In addition to identifying residues that contribute favorably to the binding energy, the calculations also allow us to identify residues that make unfavorable electrostatic contributions. Among the five most conserved peptidebinding residues, Arg-77 of TPR1 is one such residue. Electrostatic calculations predict it contributes unfavorably because of a large desolvation penalty associated with burying this residue at the interface. Analysis of other polar residues on the concave face of the TPR domain where the binding site is located reveals that Asp-334 of TPR2A contributes very unfavorably (ϩ1.80 kcal/mol) as do Glu-83 and Glu-110 of TPR1 (ϩ1.42 and ϩ0.67 kcal/mol, respectively).
In addition, several other residues were predicted to contribute unfavorably to the electrostatic component of the binding energy: Glu-9 of TPR1 and its equivalent Glu-230 of TPR2A, and Glu-271 and Lys-239 of TPR2A (Fig. 3) . The calculated contributions of non-conserved residues involved in TPR2A hydrogen bonding to FIGURE 2. Description of the FEP calculations. A, thermodynamic cycle for FEP calculations. In the calculations ⌬G 3 (protein alone mutated) and ⌬G 2 (protein in complex mutated) are measured, as the ⌬G 1 or ⌬G 4 cannot be directly measured. The difference between ⌬G 2 and ⌬G 3 give the effect of the mutation on the binding free energy (⌬⌬G mut ). B, ⌬⌬G calculation for K229A mutation. The figure shows the curves for both the ligand-unbound (dashed line) and ligand-bound states (solid line), and the final ⌬⌬G FEP value (as reported in Table 2 ) is taken as the difference between the two states at the last point ( ϭ 1). C, convergence of ⌬G for a 100-ps run at ϭ 0.5. There is a sharp increase over the first few steps due to large changes in both electrostatic and van der Waals interactions. After these initial few picoseconds, the system undergoes a more gradual convergence, leveling off after ϳ40 ps.
the Hsp90-peptide were slightly favorable (Asn-298 and Asn-308) or quite unfavorable (Glu-271) (Fig. 3) ; therefore they do not seem important for binding compared with the conserved binding residues.
Finally, all the peptide ligand side chains were predicted to stabilize the complexes, except for Glu(Ϫ3) in TPR1-Hsp70 peptide complex (Fig. 3) . This peptide side chain packs between the aliphatic portion of the side chains of Lys-73 and Gln-107.
Pairwise and Network Interactions at the Interface-We also estimated the importance of ion pairs and hydrogen bond networks to binding energy (Table 3) to further analyze differences in affinity of TPR1 and TPR2A. Interaction analysis gives additional information on possible cooperativity in these hydrogen bonds and salt bridges.
For the TPR2A dicarboxylate clamp network, interactions between the peptide Asp(0) side chain carboxylate and Lys-301 and Asn-298 of the TPR contribute Ϫ1.5 kcal/mol. The interaction of the peptide Asp(0) C-terminal carboxylate with TPR2A residues Lys-229, Asn-233, and Asn-264 (Fig. 4) contribute another Ϫ0.92 kcal/mol. Calculating the interaction of these two networks together as one network gave a stabilization energy of Ϫ2.8 kcal/mol, greater than the sum of the parts. Cooperativity is thus important at the dicarboxylate clamp.
The interactions of Arg-305, one of the conserved binding residues, with the main-chain carbonyl of peptide Glu(Ϫ2) and surrounding groups surprisingly gave an unfavorable value of ϩ0.74 kcal/mol, due to the high desolvation penalty predicted for this ion network. The individual interactions involved are: Arg-305 to Glu(Ϫ2) backbone carbonyl, Arg-305 to Glu(Ϫ3) side chain and Arg-305 to Asn-298 side chain (Fig. 4) .
For TPR1, interactions of the Asp(0) C-terminal -COOH with Lys-8, Asn-12 and Asn-43 (all conserved carboxylate clamp binding residues) gave an interaction energy of Ϫ0.90 a "(1)" marks predicted favorable contribution to affinity, and "(2)" marks predicted unfavorable contribution by the residue. The actual charge removing/reversing mutation will have its sign will opposite, if in keeping with the prediction. b ND, not determined. c Indicates residues that have charged groups buried in the interface (Ͼ75% buried accessible surface area). kcal/mol, very similar to the TPR2A value. The interaction of Lys-73 with the D(0) side chain carboxylate gave a stabilization of just Ϫ0.136 kcal/mol even though TPR1 Lys-73 is equivalent to Lys-301 in TPR2A and both bind to the peptide Asp(0) sidechain carboxylate. This difference is probably due to the differences in the orientation and environment in the two binding sites for this particular residue in the otherwise conserved framework (Fig. 4) .
Nonetheless, the total calculated free energy of the two C-terminal dicarboxylate clamp networks in TPR1 around the peptide D(0) is Ϫ1.66 kcal/mol, which again is more than the sum of the individual interactions but much less than that of analogous TPR2A network. This is in agreement with their affinities for the ligands. Arg-77 (equivalent to Arg-305 in TPR2A) binding to the peptide backbone carbonyls at Glu(Ϫ2) and Glu(Ϫ3) (Fig. 4) gave ϩ0.83 kcal/mol. These arginines are in both TPR domains buried in the interface.
Alanine-scanning Mutagenesis of Predicted Stabilizing Interactions
Based on the crystal structures of the TPR-peptide complexes, sequence conservation of binding residues, and electrostatic calculations, we individually mutated several of the residues that were predicted to contribute favorably to the TPR-peptide interaction to alanine. The mutations were mainly made to TPR2A. We measured the affinity of the mutated TPR domains to the peptide by surface plasmon resonance and checked the stability and folding of the mutant proteins by thermal denaturation (Table 2 and supplemental Figs. S2 and S3).
First we mutated the key ligand binding residues in TPR2A. The mutant proteins K229A, K301A, and R305A all had dramatically decreased peptide binding affinities. Alanine mutations at two other conserved binding residues, Asn-233 and Asn-264, also had large effects on affinity (Table 2) . These results are consistent with our electrostatic calculations: the network of interactions formed by these five residues with the peptide is important for binding the EEVD-peptides. This result is also in agreement with previous protein design experiments (20) . Our calculations suggested that the non-conserved residues Gln-298 and Asn-308, which interact with the ligand via hydrogen bonds, also contribute to binding (Fig. 3) . We therefore mutated these two to alanines. Neither of these mutations alone, however, contributed very significantly to the binding affinity, but the K d values were slightly higher (ϳ2-fold and 4-fold) than for wild type. 
Protein Design for Increased Affinity Based on Electrostatic Calculations
The predictions of the electrostatic contributions were experimentally tested by purifying the appropriate mutant proteins and assessing their stability and binding properties. All the mutants were properly folded and not significantly destabilized relative to their parent TPR domain, as indicated by their T m values (Table 2 and supplemental Figs. S2 and S3).
Residues that were predicted by calculations to contribute unfavorably to the electrostatic interaction energy were mutated as follows: TPR1 Arg-77 to Met/Ala, Glu-83 to Gln, and Glu-110 to Lys; and TPR2A Asp-334 to Ala/Asn/Lys, Glu-271 to Gln, and Glu-230 to Ala. Lys-239 was mutated to Tyr in TPR2A, as this could provide a bigger hydrophobic pocket for the peptide M(Ϫ4) side chain. We combined the single mutants that were experimentally shown to have increased affinity into double and triple mutants ( Table 2) .
To optimize binding interactions further, we designed additional variants using a slightly different strategy. Guided by the co-crystal structures and the results of the electrostatic calculations, we replaced polar uncharged residues with a positively charged residue at two positions that were not in contact with the ligand. These side chains of the new residues could be modeled in one of the common rotamer conformations (25) with no steric clashes, and they could be placed in salt bridge/hydrogen bonding distance (Ͻ3.7 Å) from the ligand carboxylates. The changes were in TPR2A T332R and in TPR1 S16K. The total ⌬⌬E elec was calculated for the mutants as for the wild-type complexes. In both cases the mutations are predicted to increase the affinity of the TPR-peptide interaction: for T332R, ⌬⌬E mutation ϭ Ϫ1.02 kcal/mol and for S16K, ⌬⌬E mutation ϭ Ϫ1.06 kcal/mol. These mutations were then tested together with the mutations prepared based on the unfavorable residue contribution calculations, as described earlier.
The greatest increase in affinity for the double and triple mutants tested was achieved with the D334K/T332R double mutant of TPR2A. This resulted in an 80-fold increase in affinity for the Hsp90 peptide ( Fig. 5 and Table 2 ). Interestingly, the mutation improved not only the affinity but also the specificity of peptide binding: it has 50-fold higher specificity for Hsp90 peptide versus Hsp70 than wild-type TPR2A does. Also, replacing surface residues around the binding site of TPR1 (Glu-83 to Gln, Glu-110 to Lys, and Ser-16 to Lys) resulted in some increase in affinity (7-fold) ( Table 2) .
The strategies for optimization of stability of the complex for the two proteins differed. In TPR2A, the mutations changed close range interactions; whereas in TPR1 most mutations were close to the binding site, but not within hydrogen bonding distance of the ligand.
Once we had successfully designed the higher affinity double mutant of TPR2A (T332R/D334K), it was of interest to ask whether it would be possible to combine these mutations with mutations at the dicarboxylate clamp binding site to change specificity while retaining affinity toward different novel ligands (e.g. peptide substrates that would not be bound at their C terminus, or other novel substrates). This is of interest in terms of trying to understand the determinants of substrate specificity in TPR domain peptide recognition. To examine the effect of the clamp-binding residues in the engineered TPR2A double mutant, we created the T332R/D334K/K301A and T332R/D334K/K229A triple mutants and measured their affinity for Hsp90 and Hsp70 peptides. The affinity of the triple mutants for the Hsp90 ligand was similar to wild-type: K229A-triple mutant had a K d of 8.0 M and Lys-301-triple mutant a K d ϭ 2.5 M as measured by the surface plasmon resonance assay. Thermal unfolding experiments by CD confirmed that the proteins were stable and correctly folded (T m values were 52.5°C and 48°C, respectively).
Free Energy Perturbation Calculations and MD Simulations
In addition to the continuum calculations we used MD an explicit water model to calculate the free energy of binding. We sought to compare the results from implicit and explicit models against experimental results, because it appeared the continuum methods failed for some of the predictions, mainly where charges are partially buried (see above). We were thus interested in testing whether the free energy perturbation (FEP) method would better predict the residue contributions to binding free energies in such cases.
We used FEP to calculate the effects of alanine substitutions on different types of residues in the TPR2A ligand binding pocket, based on the continuum electrostatic calculations and 
experimental mutagenesis studies. We tested the following mutations: K229A and K301A, as results indicate they are clearly important (Table 2) ; R305A and E271A, both mispredicted by continuum electrostatic calculations; and D334A, where the continuum calculations worked well. The results of these calculations give ⌬⌬Gs that are in good agreement with experiment (Table 2) .
Thus, for buried charges, the free energy perturbation calculations agree better with experiment than the continuum electrostatics calculations (Table 2 and below). Both perform well for the exposed binding residues.
MD simulations (15 ns) on the complex stabilizing double mutant T332R/D344K were also conducted to obtain information about the effect of the mutations on structure. The simu- SEPTEMBER 11, 2009 • VOLUME 284 • NUMBER 37
Electrostatics and Engineering of TPR Peptide Binding
JOURNAL OF BIOLOGICAL CHEMISTRY 25371
at YALE UNIV | Kline Science Library, on October 6, 2009 www.jbc.org lation converged to a complex that shows Arg-332 and Lys-334 forming an ionic network with Glu(Ϫ2) of the peptide ligand. This gave us a model of the double mutant (Fig. 5B) showing that Arg-332 and Lys-334 interact with Glu(Ϫ2) of the MEEVD ligand. This is consistent with experimental measurements of affinity increase obtained with these mutations and confirms the initial design hypothesis, in particular that Arg-332 can rotate close to the E(Ϫ2) on the peptide.
Crystal Structure of the TPR2A-Hsp70 Peptide Complex
For the HOP Hsp70 and Hsp90 recognition, both the affinity and the specificity of the TPR-peptide interaction are important, because the substrates of the two TPR domains are highly similar. Therefore, for each mutant we measured binding not only to its cognate peptide, but also to its non-cognate peptide (Table 2) . Wild-type TPR2A discriminates between the cognate, Hsp90 peptide (MEEVD) and the non-cognate Hsp70 peptide (PTGIEEVD) with a difference in binding affinity of ϳ6-fold (Table 2) .
To better understand the non-cognate interaction, we crystallized TPR2A with the C-terminal 12-mer peptide of Hsp70 (GASSPTGIEEVD). The overall structure of the TPR domain was very similar to that seen in the TPR2A-Hsp90 MEEVD peptide complex (r.m.s.d. 0.138 Å for 122 C␣ atoms of the TPR domain). Also, the Hsp70 peptide adopts an extended conformation that is very similar to that of the Hsp90 peptide. The dicarboxylate clamp interacting side chains of TPR2A align closely in the two structures (Fig. 6 ), but the Glu(Ϫ2) side chain of the peptide substrate assumes a different conformation. MD simulation results suggest that Glu(Ϫ2) is hydrogen-bonded to Arg-332 and Lys-334 in the double mutant in complex with the Hsp90 peptide. The different conformation preferred for this side chain in the Hsp70 EEVD ligand could in part explain the increase in the variant's specificity for Hsp90, as it was designed to bind to Glu(Ϫ2) based on the peptide conformation in the TPR2A-Hsp90 complex.
The most significant difference between the structures of TPR2A with cognate versus non-cognate peptide is near the N terminus of the peptide. In the TPR2A-Hsp90 peptide complex, the methionine side chain fits snugly into a pocket on the protein. By contrast, the ␤-branched isoleucine at this position in the Hsp70 peptide is not able to fit into the same hydrophobic pocket, and consequently the peptide backbone "lifts up" from the protein, beginning at the isoleucine residue (Fig. 6 ).
DISCUSSION
Computational Analysis of Electrostatic Interactions-We have investigated the electrostatic contributions of residues at the TPR-peptide interfaces for the two independent TPR domains of HOP, TPR1 and TPR2A. These two systems are of interest, because, although their ligands are very similar the TPRs discriminate between them both in vitro and in vivo (1, 26) .
As a matter a fact, Hsp70 has similar affinity for TPR1 and TPR2A (Table 2) , however, in all cases the interactions are shortly lived based on the observed kinetics (supplemental Fig.  S1 ). Most importantly the biologically relevant configuration, where Hsp70 binds to TPR1 together with substrate, and TPR2A domain is bound to Hsp90, is further stabilized by the interactions between Hsp70 and Hsp90 and the substrate. Hence, the overall affinity of the HOP for Hsp70-substrateHsp90 complex is higher than for individual HOP-Hsp70/90 interactions, which would favor formation of correct intermediate complex.
It is also probably necessary that the interactions are fairly transient (27) , in order for the substrate to be passed on through the Hsp90 supported substrate maturation and trafficking pathway, and not get trapped in a particular intermediate state. In the Hsp90 functional cycle HOP is often replaced by TPR domain containing immunophilins in the chaperone complex (28, 29) .
The TPR binding surface and the peptide ligands are highly charged, indicating that electrostatic interactions must play a key role in defining the binding affinity and specificity. Therefore, we were interested in performing a detailed analysis of the electrostatic component of binding.
Based on the continuum calculations, electrostatics in the TPR1 complex are not as optimized as in the TPR2A complex, possibly because fewer polar residues in the binding site and the larger amount of surface area buried in the interface. This could contribute to the increased desolvation penalties at some positions, e.g. at TPR2A Lys-301 versus the equivalent TPR1 Lys-73 and TPR2A Arg-305 versus Arg-77 in TPR1. The combined effects at various positions then lead to higher K d for TPR1 for its cognate ligand compared with TPR2A.
Our calculations agreed well with previous suggestions that the four conserved carboxylate clamp binding residues are important for binding (8, 30) . They were also verified by alanine-scanning mutagenesis and binding studies on TPR2A. Indeed, our earlier protein design results suggested that these, together with the fifth conserved arginine, were sufficient for low affinity recognition of Hsp90 by a 3-repeat consensus sequence TPR template (20) .
To further explain differences in affinity, we studied residues other than the five conserved polar residues in the binding site. In TPR2A there are additional polar ligand binding residues compared with TPR1: Glu-271, Gln-298, and Asn-308 (Fig. 4) .
Glu-271 of TPR2A, according to PB results, contributes unfavorably to interaction energy (Fig. 3) , whereas FEP calculations suggest its contribution is essentially zero. Experimental studies verify that FEP calculations give a more correct picture for Glu-271 (2-fold higher K d value of 10 M, with FEP ⌬⌬G ϭ ϩ0.14 kcal/mol and experimental ⌬⌬G ϭ ϩ0.41 kcal/mol).
Gln-298 and Asn-308 bind to the peptide at the D(0) and E(Ϫ3) side chains, respectively. Both peptide residues are predicted to contribute favorably to binding (Fig. 3) . Asn-308 clearly has some importance as the N308A K d is reduced by 4-fold. The experimentally determined effect of Asn-298 was small (Table 2) . However, based on measured changes in affinity, mutations E271A, N298A, and N308A together would give a 16-fold loss in affinity (i.e. from 5 M to ϳ80 M), assuming simple additivity. Cooperative effects may further reduce affinity. Therefore small contributions by these residues that are different in the two systems may together produce the 10-fold difference in the affinity observed between TPR2A and TPR1 for their ligands (Table 2) .
Increasing the atomicity of the system (in FEP) improved the results for buried charged residues, apparently due to the fact that it takes into account the heterogeneity of the local environment. Although FEP calculations do not only include electrostatic contributions of exposed and buried polar residues, it has earlier been shown that more microscopic definition of the system predicts better the contribution by buried polar residues (31, 32) , as also we observe.
Only a few such direct comparisons between implicit and explicit solvent models have been made on the residue-by-residue binding energy contributions, but our results are in accord with previous reports (33) . We therefore suggest FEP-type calculations are a more accurate means for predicting contributions by buried polar residues.
Engineering and Analysis of Mutations with Increased Affinity-A key motivation for estimation of the group contributions was to find clues how to improve affinity by removing unfavorable interactions. PB calculations have been used successfully to engineer proteins with higher stability (34, 35) , but to best of our knowledge the same method as here has not been used much for engineering higher affinity for ligand binding. A related Tanford-Kirkwood electrostatic model (36) has been used in design of specificity of coiled-coil recognition, whereas a previous study (37) used continuum calculations to design cytokine variants with pH-dependent loss of affinity by a histidine-switch. The most significant results on affinity improvement via electrostatic optimization have been obtained by Schreiber and co-workers, who showed that the coloumbic interaction component of the electrostatic energy for encounter complex can be used for optimization of the on on-rate of binding (38) .
We could optimize the binding sites for both peptide ligands based on the PB model, including its desolvation component. However, in several cases PB calculations overestimated the penalty from desolvation of charges at the interface. Further changes, specifically the addition of positive charges (Arg-332 and Lys-334 in TPR2A and Lys-16 in TPR1), allowed further enhancement of binding affinity. In the case of the TPR2A T332R/D334K double mutant, it appears that the increased affinity is due to the formation of extra close range interactions, not just an overall increase in positive charge in the binding site for a negatively charged ligand. This was shown by the surface plasmon data; the off-rate is clearly slower, indicating that new shortrange interactions have formed, while the effect on the on-rates is unclear (Fig. 5) . MD simulations predict the same effect.
Unlike in some previous experiments, where mutations around the binding site were designed to increase the on-rate (38) , increasing the overall charge around the binding site seemed partly to fail: mutating TPR2A Glu-230 or TPR1 Glu-83 or Glu-110 did not significantly improve affinity of binding. However, the E83Q-E110K double mutant did have 5-fold increased affinity (Table 2) .
It would seem that, when the binding site is already highly charged, increasing the affinity by increasing the charge (39) may not be very fruitful, even if the affinity is only moderate, as optimization of charge distribution and interface complementarity becomes rather challenging. Our tightest binder was obtained here by engineering close range interactions (e.g. TPR1 S16K). This may depend on the system; perhaps in this case as the kinetics are fast, affecting the off-rate by creating close range interactions works best.
Structural Basis of Specificity-The three high resolution peptide complex structures now available help in understanding why affinities of TPR1 and TPR2A for their ligands differ, and why TPR2A has higher affinity for both ligands.
In the TPR2A-Hsp90 complex, there is a total of eleven hydrogen bonds between the protein and the peptide ligand, whereas there are only seven in the TPR1 complex. Also, the peptide conformation in TPR1 case may not be as favorable. In particular Glu(Ϫ3) carboxylate group on the peptide does not interact with anything on the protein, but it is in close contact with the hydrocarbon side chains.
Probably due to the conformational differences in the complexes (Fig. 6 ), TPR1 can discriminate effectively against the Hsp90 ligand and has no observable affinity for it. Also, for TPR1, residues beyond the carboxylate clamp binding ones, such as Lys-50, are crucial for discriminating against the noncognate ligand (40) . The structure of the TPR2A-Hsp70 peptide complex explains why changes in the charged residues that predominantly interact with the peptide dicarboxylate clamp have similar effects whether TPR2A interacts with cognate or with non-cognate peptide ligands (Table 2) .
If the TPR2A and TPR1 domains are aligned, and the peptide ligand along with them, it is clear that the Hsp70-peptide cannot fit in the same conformation into the TPR2A binding pocket, as it does into the TPR1 binding pocket (Fig. 6 ). Both the Hsp70 and Hsp90 ligand bind in the same conformation to TPR2A, suggesting furthermore that the protein behaves rather rigidly on binding. Our structure of the non-cognate pair of TPR2A further confirms that specificity in TPR2A case is mainly due to the methionine of MEEVD sequence fitting its pocket better than the corresponding isoleucine in the Hsp70 C-terminal GPTIEEVD peptide.
In summary, we have used PB calculations to design variants with increased affinity and specificity in two related highly charged peptide-binding complexes of significant biological interest, the TPR1 and TPR2A domains of HOP co-chaperone of the Hsp70-Hp90 chaperone system. Overall, the most important contributions are fairly well described by the PB calculations, which can thus be powerful in guiding protein engineering to enhance ligand binding affinity, as shown in the TPR2A case with 80-fold increase achieved in affinity. The cases tested here also show that FEP calculations are a powerful tool in aiding in electrostatic design for buried residues.
The results on charge residue contributions toward binding reveal interesting charge-charge repulsion at TPR2A Asp334-Hsp90 Glu(Ϫ2), which may have relevance on regulating the affinity of the interaction. It may be important for functional reasons to keep the interaction short-lived for other TPR cofactors to be able to bind and the functional cycle to proceed (27) . Otherwise the data confirm the conserved interactions on EEVD peptide interaction as the most important ones and indicate that difference in affinity toward their cognate ligand between TPR1 and TPR2A are due to differences in electrostatic optimization.
Recently, Yi and Regan (41) and Cortajarena et al. (42) have shown that TPR domains or small molecule inhibitors can be used to inhibit TPR2A-Hsp90 interaction and the Hps90 function. Herein, we have in detail examined the binding site for hot spots, as possible sites for inhibitor intervention, and engineered a tight binding variant of TPR2A, indicating it is possible to design higher affinity inhibitory TPR domains. The present data thus help in targeting Hsp90 function for biomedical applications.
